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TransesterificationAbstract This study aimed to investigate the fuel properties like density, viscosity and calorific
value of trans-esterified methyl ester using castor biodiesel and their blends with No. 2 diesel.
Empirical correlations are proposed to predict the kinematic viscosity, density, and calorific value
for a mixture of castor oil and No. 2 diesel. Kay mixing rule shows a good prediction for the fuel
properties under study. Several polynomials are fitted using least square method, and the fitted
equations show a good agreement with the experimental data from our study. The developed equa-
tions could be used as universal formulas to predict the kinematic viscosity, density, and calorific
value for castor oil and No. 2 diesel blend. The equations can be used to optimize the mixing ratio
of the castor oil/No. 2 diesel for different applications. Blending of castor oil with No. 2 diesel- in
the range of 20% castor oil, will not violate the required specification of diesel engines.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Petroleum based diesel fuels have different chemical structures
of vegetable oils and esters. Petroleum diesel contains only car-
bon and hydrogen atoms, which are arranged in normal
(straight chain) or branched chain structures, as well as aro-
matics configuration. The straight chain structures are pre-
ferred for better ignition quality [1]. Diesel fuel contained
both saturated and unsaturated hydrocarbons, the latter arenot present in considerable amounts to prevent fuel oxidation
problem. Petroleum-derived diesel is composed of 75%
saturated hydrocarbons (primarily paraffin’s including
n-, iso-, and cyclo-paraffins), and 25% aromatic hydrocarbons
(including naphthalene’s and alkyl benzenes) [2].
Due to the decreasing of oil reserves and the increasing in
environmental awareness, it is necessary to look for alternative
fuels, which can be produced from available materials. Renew-
able energy resources are considered the optimal solution to
deal with such problem. Biodiesel is defined as mono-alkyl
esters of fatty acids derived from trans-esterification of agricul-
tural lipids with short-chain alcohol. Variation in the chemical
nature of biodiesel and conventional diesel fuel caused
differences in their basic properties, which affect engine
510 A. Amin et al.performance and pollutant emissions. Biodiesel has higher
density, viscosity, cloud point and cetane number, lower
volatility and heating value compared to commercial grades
of diesel fuel [3–5].
In order to improve the properties of biodiesel, several
studies using different types of mixtures have been conducted.
One strategy is to use petroleum diesel blends with different
types of biodiesel like (sunflower, canola, soybean, cottonseed,
corn, waste palm) [6], fish [7], rapeseed, soybean and other seed
oils [8], rapeseed [9], and castor [10].
Rehmann and Phadatare [11] show that the blends of
Pongamia Pinnata ester oil is a suitable alternative fuel for
diesel and could help in controlling air pollution. Experimental
studies have revealed that selective amount of biodiesel blends
with diesel fuel yielded comparable engine performance similar
to diesel [12,13].
In this study, castor seeds are used as a biodiesel source.
Castor, Ricinus communis, is a non edible oil crop, considered
a vital industrial raw material. The castor plant grew unculti-
vated in large quantities in most tropical and sub-tropical
countries [14,15]. The comparison of plantation costs and oil
yields of the non edible crops showed that castor is a promising
raw material for biodiesel production [16]. Castor oil consisted
of triglyceride oil derived from ricin oleic acid, constitutes 90%
fatty acids present in the molecule and 10% non-hydroxylated
fatty acids, mainly oleic and linoleic acids [15].
Kinematic viscosity and density are considered the key of
fuel properties according to diesel and biodiesel fuel standards
[2,8]. Due to the presence of ricin oleic acid in castor oil, its vis-
cosity is about 7 times higher than the other vegetable oils [16].
The aim of this study is to investigate the fuel properties like
density, viscosity and calorific value of trans-esterified methyl
ester using castor biodiesel and their blends with No. 2 diesel.
Also, empirical correlations are correlated based on the
experimental results. The developed equations are compared
with Kay and Grunberg–Nissan mixing rule.
2. Experimental work
2.1. Reagents and materials
All the chemicals used in the experimental work are of analyt-
ical grade. Cultivated castor seeds are procured from Agricul-
ture Research Division, National Research Centre.
Commercial grade (of) No. 2 diesel fuel is obtained from local
fuel suppliers.
2.2. Oil extraction
The seeds are decorticated to separate kemel and husk. The oil
is extracted from the ground seeds in Soxhlet apparatus using
either hexane or methanol as solvents. The solvent is collected
using a rotary evaporator and the residual oil is dried and
weighed. The fatty acid profile of the oil is determined using
gas chromatography.
2.3. Transesterification
50 gm of oil is mixed with methanol in which KOH has been
previously dissolved in screw-capped bottles. Then hexane isused as a co-solvent in reaction mixture. Reaction mixture is
sonicated in a water bath sonication (Model WUC-D10H,
60 Hz, 230 volts, 665 W, 3 amps). Wave intensity is fixed at
133 W; reaction time is 30 min at room temperature. The reac-
tion mixture is transferred to a separating funnel and allowed
to be separated gravitationally. The upper biodiesel layer is
dried at 80 C.
2.4. Analysis
The biodiesel is then analyzed to figure out properties such as
viscosity, density and calorific value respectively. Density and
viscosity measurements are made according to ASTM stan-
dard D941 and D445, respectively.
2.5. Blending
The biodiesel produced from castor oil is blended with petro-
leum diesel oil. The blends are prepared using a beaker, electri-
cal stirrer with a stainless steel propeller at room temperature
for 1 h. For example, the blend with a mixture of 30% biodie-
sel and 70% petroleum diesel is referred to as B30 blend.3. Results and discussion
3.1. Characterization of castor oil
The oil contained in the seed is about 30% of the total seed
weight. The extraction with methanol gives a better oil yield
compared to hexane under the same condition due to the pres-
ence of ricin oleic acid in castor oil which is soluble in alcohols
in agreement with Dasari and Goud [17]. Table 1 shows the
composition of the produced castor oil fatty acids as measured
using gas chromatography.
The castor oil molar mass is (919.58 gm/mol) determined
according to the following relation [18]:
MWtri ¼ 3xMWacid þMWglycerol  3xMWðHþOHÞ3.2. Blending properties of castor biodiesel with petroleum diesel
Table 2 shows the biodiesel and its blend quality results as a
function of castor oil percentage in the mixture. Biodiesel from
castor oil was blended in different ratios with petroleum diesel
where kinematic viscosity, density and heating value for the
blends are investigated experimentally.
Fig. 1 shows that castor biodiesel can be blended up to 20%
in the mixture within the accepted standard range of viscosity
as shown in Table 3. Fig. 2 shows that castor biodiesel can be
mixed with diesel up to 50% without exceeding the standard
accepted ratio for biodiesel density. But due to the importance
of diesel viscosity specification, the blending ratio shall not
exceed 20% in order to maintain the accepted range of blend-
ing viscosity as illustrated in Fig. 1.
Fig. 3 shows that the heating value of pure castor biodiesel
is comparable to investigated petroleum diesel in this study
(46 MJ/kg for diesel compared to 44 MJ/kg for castor biodie-
sel) so the blending ratio does not have a noticed effect on the
heating value of mixture.
Table 1 Gas chromatographic analysis of castor oil fatty acid.
Fatty acid Palmitic
(16:0)
Stearic
(18:0)
Oleic
(18:1)
Linoleic
(18:2)
Linolenic
(18:3)
Ricinoleic
(18.1OH)
Wt% 1.45 1.7 8.24 8.50 0.97 79.14
Mw (g/mol) 256 284 282 280 278 298
Table 2 Biodiesel and its blend quality results.
Biodiesel–diesel
%
Kinematic
viscosity
(mm2/s)
Density
(g/cm3)
Higher heating
value
(MJ/kg)
0 2.32 0.8253 45.86
10 2.74 0.8324 45.75
20 3.22 0.8560 45.55
40 5.38 0.8638 45.28
50 6.96 0.8840 45.01
100 15.25 0.9325 44.195
Figure 1 Kinematic viscosity of castor oil–diesel blend.
Table 3 Standard specifications for Biodiesel, Diesel [19].
Property ASTM
method
Biodiesel Diesel
Kinematic viscosity
cSt@40⁰C,mm2/sec
D445 1.9–6 1.9–4.1
Density at 15 C, g/cm3 D941 0.88 0.850
Higher heating value, MJ/kg D2015 39–43.33 49.65
y = 0.001x + 0.826
R² = 0.982
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Figure 2 Density of castor oil–diesel blend.
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Figure 3 Heating value of castor oil–diesel blend.
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3.3.1. Kinematic viscosity
Using the kinematic viscosity equations proposed by Mejia
et al. [20]:
lnlblend ¼
Xk
i¼1
yi ln li ð1Þ
lnlblend ¼ 6:26þ 0:459xþ
2283:7
T
 35:96x
T
ð2Þlnlblend ¼ 6:63 5:44xþ
2367:6
T
 2230:3x
T
ð3Þ
where yi is the volume fraction of component in the mixture for
(castor and diesel). x: is the volume fraction of castor only in
the blend.
A comparison between the experimental data and the above
equations prediction had shown that Eq. (1) predicted well the
experimental data, as shown in Fig. 4.
While Eq. (2) was modified to fit the experimental data
using least square method, Eq. (2) parameters are changed to
predict the kinematic viscosity, as shown in Eq. (4). A compar-
ison between the experimental data and the predictions of Eqs.
(1) and (4) is illustrated in Fig. 5.
lnlblend ¼ 0:01158þ 1:802xþ
296:12
T
 0:9998x
T
ð4Þ
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Figure 6 A comparison between the experimental data of the
kinematic viscosity from Mejia et al. [20] and the predictions of
Eqs. (1) and (4).
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Figure 7 A comparison between the experimental data of the
kinematic viscosity and the predictions of Eq. (6).
Table 4 Comparison between measured kinematic viscosity in
cSt and predictions of different equations.
Castor
fraction
Experimental
data
Eq.
(1)
Eq.
(2)
Eq. (3) Eq.
(4)
Eq.
(6)
0 2.32 2.32 2.81 2.54 2.54 2.32
0.1 2.74 2.80 2.91 0.72 3.04 2.84
0.2 3.22 3.38 3.01 0.20 3.64 3.53
0.4 5.38 4.92 3.23 0.01 5.22 5.44
0.5 6.96 5.94 3.34 0.004 6.25 6.65
1 15.25 15.25 3.97 8.8E-06 15.38 15.30
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Figure 4 A comparison between the experimental data of the
kinematic viscosity and the predictions of Eqs. (1)–(3).
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Figure 5 A comparison between the experimental data of the
kinematic viscosity and the predictions of Eqs. (1) and (4).
512 A. Amin et al.Using Eq. (4), the experimental data given in Mejia et al.
[20] are predicted to check the applicability of Eq. (4) as a uni-
versal equation to predict the kinematic viscosity of any blends
of castor and diesel. A reasonable agreement is observed in
case of blends kinematic viscosity, as shown in Fig. 6. However
for pure diesel and castor oil, a variation is observed due to the
difference between data reported in Mejia et al. [20] and the
experimental data used to modify Eq. (4).
Another equation is given in [6]:
lblend ¼ Ax2 þ Bxþ C ð5Þ
By minimizing the sum of squared error between Eq. (5)
and the experimental values, the best fit is reached when the
sum of squared error is minimum by changing the values of
the multiplying factors. The multiplying factors that give the
best fitting are shown below in Eq. (6). Fig. 7 shows a compar-
ison between the experimental values and Eq. (6) prediction:
lblend ¼ 8:61x2 þ 4:36xþ 2:32 ð6Þ
Fig. 7 shows a good agreement between the kinematic vis-
cosity of the castor oil and No. 2 diesel blend as measured
from our experimental study, the literature [20] and the model
prediction. Table 4 indicates that Eqs (1), (4), and (6) can pre-
dict the kinematic viscosity of the castor-diesel blend.3.3.2. Calorific value
Fahd et al. [13] propose the following equation for calculating
the calorific value of palm biodiesel and diesel blends:
Calorific value ¼ 6:77  xþ 43:58 ð7Þ
where the calorific value is given in MJ/kg. x: is the volume
fraction of palm oil in the blend.
Table 5 Comparison between measured calorific value in
MJ/kg and predictions of different equations.
Castor fraction Experimental data Eq. (7) Eq. (8) Eq. (9)
0 45.86 43.58 45.89497 45.86
0.1 45.75 42.903 45.72566 45.6935
0.2 45.55 42.226 45.55635 45.527
0.4 45.28 40.872 45.21774 45.194
0.5 45.01 40.195 45.04843 45.0275
1 44.195 36.81 44.20189 44.195
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for castor and biodiesel blends, the following equation is
developed:
Calorific value ¼ 1:693  xþ 45:895 ð8Þ
x: is the volume fraction of castor only in the blend.
Fig. 8 shows a comparison between the experimental results
and the prediction of Eqs. (7) and (8) (the fitted form of Eq.
(7)) respectively. A good agreement is observed between the
experimental results and Eq. (8) prediction.
Using Kay mixing rule for the calorific value, we have
developed the following equation, which gives a good fitting
with the experimental data as shown in Fig. 9:
Calorific valueblend ¼
Xk
i¼1
yi Calorific valuei ð9Þ
where yi is the volume fraction of component i in the mixture
for castor and diesel.
Table 5 shows a numerical comparison between the calorific
value measured experimentally and the developed equations.
Eqs. (8) and (9) can predict well the calorific value of the
castor-diesel blend.
3.3.3. Density
Fahd et al. [13] proposed an equation for calculating the den-
sity for a mixture according to Kay mixing rule for density.C
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Figure 8 A comparison between the experimental data of the
calorific value and the predictions of Eqs. (7) and (8).
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Figure 9 A comparison between the experimental data of the
calorific value and the predictions of Eq. (9).
Figure 10 A comparison between the experimental data of the
density and the predictions of Eqs. (10) and (12).For a mixture of castor bio-oil and diesel, the following equa-
tion can be used leading to a good agreement with the exper-
imental data as shown in Fig. 10:
qblend ¼
Xk
i¼1
yiqi ð10Þ
where qblend: is the blend density in gm/ml, qi: is the density of
component i in gm/ml, yi: is the volume fraction of component
(i) in the mixture for castor and diesel.
Tesfa et al. [21] used the following expression to calculate
the density of the diesel-bio diesel blend in kg/m3at 15.6 C:
qblend ¼ 0:2523xþ 854:33 ð11Þ
where x: is the volume fraction of bio-oil in the blend.
Eq. (11) is a first degree polynomial derived using regres-
sion analysis by taking the average slope and the interception.
Eq. (11) predictions do not agree with the experimental data
measured for the castor and diesel blend since it is developed
for rapeseed oil and corn oil biodiesel when mixed with diesel.
Eq. (11) is modified to fit the experimental data as shown
below to calculate the density in gm/ml:
qblend ¼ 0:108xþ 0:8253 ð12Þ
Fig. 10 shows a comparison between the experimental data
and the predictions of Eqs. (10) and (12) respectively. A good
agreement between the equation prediction and the experimen-
tal data is observed, which can be seen numerically in Table 6.
Eqs. (10) and (12) can be used to predict the density of the
castor-diesel blend.
Table 6 Comparison between measured density in gm/ml and
predictions of different equations.
Castor
fraction
Experimental
data
Eq. (10) Eq. (11) Eq. (12)
0 0.8253 0.8253 0.85433 0.8253
0.1 0.8324 0.83602 0.854355 0.8361767
0.2 0.856 0.84674 0.85438 0.8470534
0.4 0.8638 0.86818 0.854431 0.8688068
0.5 0.884 0.8789 0.854456 0.8796836
1 0.9325 0.9325 0.854582 0.9340671
514 A. Amin et al.4. Conclusions
Castor oil is used as a biodiesel in a mixture with No. 2 diesel.
The castor oil is blended with the diesel in limits selected to
keep the properties of the produced blend acceptable for diesel
users. The kinematic viscosity, density, and calorific value are
the properties considered in our study.
Different equations from the literature are used to predict
the properties under study. Kay mixing rule shows a good pre-
diction for the properties under study including kinematic vis-
cosity, density, and calorific value. However, different
polynomials are used from the literature; the polynomials
show a poor fitting for our experimental results. The polyno-
mials are fitted using the least square method, and the fitted
equations show a good agreement with the experimental data
from our study. In addition, the developed equations are able
to predict the experimental data for different experimental
studies in the literature. The developed equations can be used
as universal formulas to predict the kinematic viscosity, den-
sity, and calorific value for castor oil and No. 2 diesel blend.References
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